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THE FORMATION AND PRODUCTION OF NANO AND MICRO
PARTICLES ON CLAYS UNDER ENVIRONMENTAL-LIKE CONDITIONS
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Metal ions are adsorbed in the interlayer space and on the edges of clay minerals, leading to the uniform distribution of metal ions
on atomic scale. However, additional processes can be resulted in the formation of nano and micro particles in the interlayer space
as well as on the outer surfaces. The formation of nano and micro particles on clay minerals under environmental conditions are dis-
cussed here in metal ions (manganese, lead, zinc, and silver ions)/bentonite systems. Two-dimensional nano layer is formed in the
interlayer space by the oxidation of manganese ions under atmospheric conditions. Three-dimensional particles are formed on the
surfaces initiating by the metal ion adsorption on the deprotonated edge sites. The formation of micro particles on the surface can

also be followed by the redox reaction of metal ions.
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Introduction

Clay minerals are important constituents of the natu-
ral environment. By their interfacial reactions they
play an important role in several fields, for example in
the nutrient cycle of soils, in the environmental pro-
tection, or even in the synthetic chemical industry.
One of the interfacial reactions of clay minerals is the
adsorption and cation exchange of metal ions.

Metal ions can be adsorbed in the interlayer
space of some clay minerals (e.g. montmorillonite)
and on the pH-dependent charges, silanol and
aluminol sites, on the edges of clay minerals. The ra-
tio of the two ways of cation adsorption depends on
pH, but about 80—90% of the cation adsorption comes
from the neutralization of the layer charges, so this
way of cation adsorption is determining [1].

The nature of the adsorption is different: in the
interlayer space electrostatic forces are important; the
ratio of charge and the cation size determines the ad-
sorption ability. Cations in the interlayer space have
their hydrate sphere. This process is the so-called
outer-sphere complexation. On the edge charges the
chemical properties of the metal ions are significant.
The cations adsorb on the edge charges by oxygen-
cation bonds, without hydrate sphere. This process is
called inner-sphere complexation [2, 3].

Both ways of cation adsorption primarily leads to
the uniform distribution of metal ions on atomic scale.
However, additional processes can be resulted in the
formation of nano and micro particles in the interlayer

* Author for correspondence: konya@tigris.klte.hu

1388-6150/820.00
© 2005 Akadémiai Kiado, Budapest

space as well as on the outer surfaces. Nano and micro
particles on clays have been produced by different
chemical procedures [e.g. 4], but they can be formed
under environmental conditions. In this paper the for-
mation of nano and micro particles on clay minerals
under environmental conditions are discussed in metal
ions (manganese, lead, zinc, and silver ions)/bentonite
systems. A really natural micro particle on clay sedi-
ment is also shown.

Manganese ion can take part as a component of the
pillaring agent [5-8] in the production of pillared clays.
Slow hydrolysis of hydrated Mn(II) in Mn(II)-montmo-
rillonite was detectable with ESR studies, and the for-
mation of [Mn(OH)(H,0)s]" was proposed [9]. Andreux
and Stocky [10] used Mn(II)-montmorillonite and man-
ganese oxide (within other catalysts) in the polymerisa-
tion of catechol in the presence of triglycine.

Lead-clay interactions have received the most at-
tention to date. Lead sorption increases with increas-
ing pH and significantly increases after the precipita-
tion of lead hydroxide [11-14]. Other studies looked
at sites where lead resided in the clay minerals and the
mechanisms that put it there. Shen et al. [13] studied
the sorption of lead ion by Na-montmorillonite using
Fourier transform infrared spectroscopy and X-ray
diffraction. They observed that the sodium-lead ex-
change increased the basal spacing of the montmoril-
lonite and increased the intensities of the OH bending
bands. They explained the adsorbed lead quantity by
the chemical speciation of lead.
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Strawn and Sparks [2] used X-ray absorption
fine structure (XAFS) spectroscopy to study the ad-
sorption of lead ion by montmorillonite and found
there were two different lead adsorption mechanisms.
These mechanisms were controlled by ionic strength.
The low ionic strength mechanism is pH independent
and is consistent with an outer-sphere complexation.
The high ionic strength mechanism is pH dependent
and suggests inner-sphere complexation where lead
forms covalent bonds.

Other studies have examined the competition
among different heavy metal ions (copper, zinc, cad-
mium, lead, etc.) for exchange sites [e.g. 15—-18]. More
detailed studies evaluated lead adsorption by Langmuir
or Freundlich isotherms, and the competition of other
cations by competitive Langmuir isotherms.

In case of clay minerals the thermal analysis is
mainly used for the study of clay-organic compos-
ites [e.g. 19, 20], but this method, together with other
analytical techniques, can give very useful informa-
tion on the interfacial processes on different cation
exchanged clays as well.

Experimental

Manganese, lead-, zinc- and silver-bentonite were pro-
duced from calcium-bentonite (Istenmezeje, Hungary).
The mineral composition was determined by X-ray dif-
fraction and thermoanalytical studies and found as fol-
lows: 91% montmorillonite, 4% kaolinite, 5% calcite.
Cation-exchange capacity of 1.04 mmol g for mono-
valent cations was determined by the ammonium acetate
method [21]. Manganese-, lead-, zinc- and silver-mont-
morillonite were produced from calcium-montmorillo-
nite by several ion exchange procedures [22-27]. The
conditions are summarized in Table 1. The free cations
were removed by washing with double distilled water
ten times (metal traces were not observed after sixth
wash).

The manganese, lead, zinc and silver contents of
the cation-exchange bentonites were measured by
X-ray fluorescence analysis.

The cation exchanged bentonites were studied
by different techniques, the instruments and operating
parameters are listed in Table 2 [26].

Natural clay sediment containing calcium-mont-
morillonite was collected from Lake Prod (next to
Road No. 35 in Eastern Hungary). The average depth
of the lake is 1.2 m. Three randomly selected samples
from the upper 30 cm of sediment were analyzed for
total lead by microwave digestion and ICP-OES, and
the total lead concentrations were 22.7, 36.3 and
35.1 mgkg .

Results and discussions
Manganese-bentonite

Manganese ion, for the first site, shows no special
properties during the ion exchange on bentonite that is
manganese(I]) ions are adsorbed in the interlayer space
of montmorillonite [22, 23, 28]. However, manga-
nese-bentonite is kept in room atmosphere for a long
time (1-2 years), the color and other chemical and
physical properties change. The color of the old man-
ganese-bentonite is darker than the fresh sample and
similar to the color of manganese-dioxide (Fig. 1). The
brown color refers to the oxidation of manganese in
bentonite.

a5

Fig. 1 Photos of fresh and old manganese-bentonites

Similarly, the thermoanalytical studies (Fig. 2) also
show the oxidation of manganese(Il) in bentonite. In
Fig. 2 TG, DTG and DTA curves of fresh and old man-
ganese-bentonites are shown. The thermoanalytical
curves of clays can usually be divided into two regions:
(1) the region of the dehydration of clay (below
200-250°C) [20], (2) the endothermic dehydroxylation
of the clay (above 500°C) which is followed by a small
exothermic peak of the recrystallization. Both regions

Table 1 Experimental conditions of the productions of manganese-, lead-, zinc- and silver-bentonites

Mass pf . Solution pH Number of Drying
Ca-montmorillonite/g treatments temperature/°C
Mn-bentonite 20 200 cm® 0.01 mol dm™ Mn(ClOy), 6.5 7 25
Pb-bentonite 50 100 cm® 0.1 mol dm™ Pb(ClO,), 2.9 7 25
Zn-bentonite 50 200 cm® 0.1 mol dm™ Zn(C10,), 55 7 25
Ag-bentonite 10 25 cm’® 0.03 mol dm™ AgClO, 3.9 7 25
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Table 2 Instruments and operating parameter

X-ray fluorescence elementary composition and metal ions of
cation exchanged clay

Thermoanalysis clay structure

XRD clay structure

pH measurement suspensions and liquid phase after filtration

Redox potential measurement

ICP total Pb in sediment

SEM physical structure

AFM physical structure

XPS Mn and Pb speciation

RONTEC EDR 288 energy dispersive X-ray spectrometer

Derivatograph-PC, a computer-controlled simultaneous TG,
DTG, DTA apparatus. 10°C min™" heating rate,

air atmosphere, ceramic crucible, mass sample about 100 mg,
reference material Al,O;

Philips PW 1710 Diffractometer with graphite
monochromator, CuK,, radiation (30 mA and 40 kV),
scanning rate of 2° 20 min"'

Metrohm 654 pH meter with 6.0220.100 electrode
Metrohm 654 pH meter, reference electrode saturated calomel

Milestone MLS-1200 MEGA microwave oven and
Spectroflame ICP-OES (inductively coupled plasma — optical
emission spectrometer) microwave digestion: 300 mg dry
sediment with 1 em® concentrated H,0, and 4 cm’
concentrated HNOj in a teflon bomb

Amray —1830 Scanning Electron Microscope

HITACHI S-570 I Scanning Electron Microscope.
Morphology of the sample can be seen by back scattered
electrons. Metal ion maps (e.g. lead map in Fig. 5) can be
made by characteristic X-ray photons. Metal ion (e.g. lead)
concentration is proportional to the density of the light spots

Nanoscope I1I Atomic Force Microscope

ATOMKI ESA-31 Spectrometer with non monochromated
AIK,, radiation, energy calibration with polycrystalline Cu and
Ag samples, correction for charging (energy shift of

ca. 8.4 eV) was made. Referencing C 1s line with Eb=285 eV

can be observed in Fig. 2, namely the elimination of
interlayer water (at 120°C) and the endothermic de-
hydroxylation above 500°C. In addition the elimination
of water coordinated to manganese(Il) ion (at 260°C)
are well distinguished in the DTA and DTG curves [23].
This peak of the dehydration of manganese(Il) is more
intense in DTG curve for the fresh manganese-bentonite
that for the old manganese-bentonite where this peak
cannot be observed practically. The exothermal oxida-
tion of manganese(Il) to manganese(IV) is also more
significant in DTA curve for the fresh sample where the
endothermic dehydroxylation of the bentonite at high
temperatures is compensated by the exothermic oxida-
tion of manganese(Il) to manganese(IV). This compen-
sation is not observed on the DTA curve for the old
manganese-bentonite where the major part of manga-
nese has been oxidized previously, not during the ther-
mal analysis.

ESCA studies show similar results: the oxidation
state of manganese is II in the fresh sample; a more
oxidized state is present in the old sample. Redox po-
tential is more positive in the case of the old manga-
nese-bentonite, too. It means more oxidized species
for manganese in the old sample.

The oxidation of manganese occurs in the differ-
ence of adsorption and catalytic properties. For exam-
ple valine amino acid does not adsorb on fresh man-
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ganese-bentonite, while it is adsorbed on old manga-
nese-bentonite [27]. The old manganese bentonite ca-
talysis the destruction of hydrogen peroxide, fresh
manganese-bentonite, however, has no catalytic ef-
fect on the destruction of hydrogen-peroxide.

At the same time the concentration of manganese
ions remains the same. The basal spacing of montmo-
rillonite (001) determined by X-ray diffraction are
very similar for the new (1.51 nm) and old (1.48 nm)
samples. The distribution of manganese determined
by scanning electron microscopy is also uniform in
the old samples, similarly to fresh samples (Fig. 3).

As a conclusion we can say that manganese(II)
ions adsorbed in the interlayer space of montmorillo-
nite by cation exchange reactions are spontaneously
oxidized to manganese(IV) under atmospheric condi-
tions. Consequently, the properties relating to the oxi-
dation state of manganese are different for the fresh
and old manganese-bentonite samples. The concen-
trations, distribution of manganese as well as the
structure of bentonite, however, do not change. The
increase of the positive charge of manganese de-
mands the neutralization of the extra positive charge
by oxide or hydroxide ions originated from the atmo-
sphere, because the negative layer charge of the clay
minerals is constant.
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These results show that a two-dimensional nano
layer is formed in the interlayer space where manga-
nese ion is bonded to the clay layers by two positive
charges and to oxides or hydroxides by the other two
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Fig. 3 The concentration profile of different elements of fresh
manganese-bentonite
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positive charges. The presence of a 2D layer of man-
ganese in the interlayer space of montmorillonite is
obvious because the montmorillonite has layered
structure and manganese ions introduce into the inter-
layer space by cation exchange. For this reason the
distribution of manganese ions is uniform (as seen by
scanning electron microscope, too) and it does not
change under oxidation.

Lead-bentonite

The scanning electron microscopic picture of lead-ben-
tonite shows that the distribution of lead is fairly even
on the major part of the surface. However, there are
places where the concentration of lead is higher than
the mean surface concentration (cca. 10%) (Fig. 4).
Since SEM’s horizontal and vertical resolutions are ap-
proximately 1 pwm, the uncertainty of both the position
and the diameter of these spots is also about 1 pm.
These enrichments are relatively weakly adsorbed on
the surface of bentonite because when a freshly
cleaved mica surface is immersed into the suspension
containing bentonite and lead ions they easily adsorbed
on the surface of mica as seen on SEM (Fig. 5) or AFM
pictures (Fig. 6). The diameter of them is from hundred
nanometers to micrometer. The presence of lead en-
richments with smaller diameter can also be possible
but they are more strongly adsorbed and cannot be
desorbed from the surface by this very simple method.
Similar lead enrichments were found on a natural clay
sediment of a lake in Hungary (Fig. 7).

The results show [24, 26, 29] that lead ions are ad-
sorbed on bentonite by two processes: by cation ex-
change in the interlayer space of montmorillonite
(outer-sphere complexation) and by adsorption on the
edge sites (inner-sphere complexation). Cation ex-
change leads to the even distribution of the ions, while
the adsorption on the edge sites can act as the initial of
a heterogeneous nucleation on particle surface fol-
lowed by a crystal growth. The nano and micro parti-
cles (lead enrichments) seen by SEM and AFM can
likely be formed on these nuclei. The production of
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Fig. 4 Left side — scanning electron microscopic picture of
lead bentonite. Right side — the elementary analysis of
the white spot between points A and B
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Fig. 5 Scanning electron microscopic picture of freshly cleaved
mica surfaces immersed into the suspension containing sus-
pension of lead-bentonite. Left side — morphology of the
sample made by back scattered electrons. Right side — lead
map made by characteristic X-ray photons. Lead concentra-
tion is proportional to the density of the light spots
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Fig. 6 Left side — atomic force microscopic picture of a freshed
cleaved mica immersed into the suspension of lead-benton-
ite. Right side — the diameter of the black spots on the left
picture
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Fig. 7 Scanning electron microscopic picture of a natural clay
sediment. Mean lead concentration is 36 mg kg’l, lead
map in the window. Left side — morphology of the sample
made by back scattered electrons. Right side — lead map
made by characteristic X-ray photons. Lead concentration
is proportional to the density of the light spots
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Fig. 8 Scanning electron microscopic picture of freshly cleaved
mica surfaces immersed into the suspension containing
suspension of lead-bentonite in the presence of citric acid.
White spots are lead micro particles
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Fig. 9 Thermoanalytical curves of lead-bentonite

these particles is not expected from thermodynamic
properties under conditions of the bulk solution
(acidic pH) and cannot be observed in the absence of
clay. On the basis of the solubility product of Pb(OH),
(L=6.8-10""%) lead is present as Pb*" at pH values of the
experiments. The formation of lead enrichments re-
quires the presence of the clay. In the presence of clay
lead enrichments are formed even in solution contain-
ing a complex forming agent (citric acid) (Fig. 8).

The thermoanalytical curves of lead-bentonite
are shown in Fig. 9.

The peaks at low temperatures are similar as usual
for bentonites [23], but there is a new exothermic reac-
tion in the range of 320-350°C which can be the reac-
tion of the surface micro particles. At the same time
TG curve shows the decrease of the mass. Similar
thermoanalytical behavior has been evaluated by the
presence of hydroxides (e.g. gibbsite). The presence of
hydroxide is proved by the X-ray diffactograms where
a peak characteristic to hydroxides.
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Zinc-bentonite

In case of zinc-bentonite the adsorbed quantity of zinc
ions after the cation exchange is about 1.4 times
greater than the cation exchange capacity of benton-
ite [30, 31]. It shows that similar micro particles have
to be observed in the case of zinc-bentonite (Fig. 10).
These particles, however, are less remarkable than in
case of lead-bentonite, the appearance of them can be
proved by the statistical analysis of the distribution of
the white spots on SEM pictures. They are adsorbed
on the surface of bentonite more strongly than lead
containing micro particles because they cannot be
transferred to the surface of freshly cleaved mica.

270CT 99

AMRAY

300kv  10um

Fig. 10 Scanning electron microscopic picture of zinc-bentonite,
Zn map on the basis of characteristic X-ray photons. Zinc
concentration is proportional to the density of the light
spots

The mechanism of the formation of the zinc en-
richments can be similar to lead-bentonite. A part of
zinc ion is exchanged by the cations in the interlayers
(equivalent to cation exchange capacity). The excess
amount of zinc ion is adsorbed on the deprotonated
edge sites. Since the amount of edge sites is about
10-20% of cation exchange capacity [27] and the ex-
cess of the adsorbed amount of zinc ion is about 40%,
heterogeneous nucleation must be supposed.

Silver-bentonite

In case of silver-bentonite similar silver micro parti-
cles can be observed as in the case of lead-bentonite
(Fig. 11). In addition some silver enrichments were
SEM studies show about 100% silver content. It
shows that the reduction of silver(I) to metallic silver
can also be taken place.

The thermoanalytical curves of silver-bentonite
are shown in Fig. 12.

Figure 12 shows an exothermal reaction at 361°C.
It refers to the oxidation of metallic silver. It is proved
by the change of the color of silver-bentonite which is
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Fig. 11 Scanning electron microscopic picture of silver-bentonite.
Left side — morphology of the sample made by back scat-
tered electrons. Right side — lead map made by character-
istic X-ray photons. Silver concentration is proportional
to the density of the light spots. The arrows show spots
with 100% silver concentration
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Fig. 12 Thermoanalytical curves of silver-bentonite

originally dark grey and becomes light after the heat
treatment.

The redox conditions and the mechanism of me-
tallic silver needs additional studies.

Conclusions

Beside the usual ion adsorption reactions, nano and
micro particles can also be formed in the interlayer
space as well as on the surface of clay minerals. These
particles can be two- (2D) or three-dimensional (3D).
Two-dimensional nano layer is formed in the inter-
layer space of montmorillonite by the spontaneous
oxidation of manganese ions under atmospheric con-
ditions. Three-dimensional particles are formed on
the surfaces of clay minerals initiating by the metal
ion (for example lead or zinc ions) adsorption on the
deprotonated edge sites. The formation of micro parti-
cles on the surface can also be followed by the redox
reaction of the metal ion (e.g. reduction of silver ion).
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